Following on the recent experimental demonstration of a discrepancy between the nonlinear optical ͑NLO͒ behavior of several -conjugated chromophores and their assumed octupolar symmetry, the authors investigate how geometrical distortions influence the NLO response of multipolar push-pull molecules. Their analytical model is set on a basis of valence-bond and charge-transfer states to estimate the hyperpolarizability of organic and metallo-organic chromophores using the lowest possible number of variables. Since symmetry breakdown changes the definition of the molecular Cartesian framework, tensorial spherical coordinates are implemented. The evolution of the nonlinear molecular anisotropy with possible rotational deviations is then evaluated for two recently studied chromophores. Zero-frequency calculations show that, outside optical resonance, weak geometrical distortions lead to strong anisotropy variations in agreement with experimental data. Their goal is to underscore which molecular engineering strategies should be applied when designing a photoisomerizable nonlinear octupole.
I. INTRODUCTION
The synthesis of extended -conjugated electron pathways has been the key in providing organic materials with the conductivity or electroluminescence properties of semiconductors. 1, 2 By "doping" the -conjugated backbone with an electron withdrawing ͑A͒ and an electron donating ͑D͒ chemical group, it is possible to introduce at the molecular level the electronic properties of a diode: a charge transfer from D to A requires lower excitation energy than the contrary. In practice, the energy required for an internal electronic charge transfer in push-pull conjugated molecules is of the order of a UV-visible photon. Therefore the electronic nonlinearity of the molecule will result in a second-order nonlinear optical ͑NLO͒ behavior at these frequencies. 3 This property triggered a continuing interest in molecular engineering for second-order [4] [5] [6] and third-order nonlinear 7, 8 optics with applications in electro-optic [9] [10] [11] or opticallimiting [12] [13] [14] materials as well as biological imaging. [15] [16] [17] However, the tensorial richness of second-and thirdorder tensors is not limited to diodelike unidimensional molecules. Over the last 15 years, researchers have turned towards multipolar chromophores featuring several chargetransfer pathways in various geometries. [18] [19] [20] These architectures exhibit two major advantages over their unidimensional counterparts: a better NLO efficiency/transparency trade-off 21, 22 for optical-limiting applications and low-loss optical modulation and lower dipole-dipole interactions to stabilize a macroscopic noncentrosymmetric order. 18, 23, 24 Designing molecular architectures exempt of inversion symmetry is indeed essential to obtain second-order NLO materials. In this context, efficient quadratic nonlinear crystals were engineered using octupolar molecules whose ground state permanent dipoles are zero. [25] [26] [27] This class of molecules can be found in four symmetry groups: D 3 , D 3h , D 2d , and T d . Diluted in polymer films, these chromophores cannot be oriented using an external static field for electro-optical applications since no dipole-field interaction is possible. However, they can be all-optically poled by interfering one-and two-photon excitations in organic matrices to form quadratic NLO materials. 28, 29 Various octupolar molecules featuring photoisomerizable azo double bonds were thus synthesized, and their behavior was investigated in all-optical poling ͑AOP͒ experiments. [30] [31] [32] During the last ten years, numerous synthesis routes were investigated to optimize the molecular hyperpolarizabilities [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] and, more recently, two-photon absorption cross sections 43 of octupolar molecules. Theoretical models were also developed to guide the engineering of this class of chromophores by increasing the electron donating and withdrawing processes or extending the -conjugated backbone, 36, [44] [45] [46] but always assuming that a strictly octupolar symmetry is ensured.
However, when elongating the electron conjugation 32 and D 3 ͑Ref. 47͒ symmetries do not behave as perfectly octupolar molecules. The last two molecules, 1 and 2, are shown in Fig. 1 . The only studied molecule that ever showed a perfectly octupolar behavior in AOP ͑Ref. 28͒ and HRS ͑Ref. 29͒ experiments is ethyl violet ͑3 on Fig. 1͒ . Molecules 1 and 2 feature isomerizable chemical groups which permit spatial distortions while ethyl violet is a fairly rigid molecule where the main degrees of freedom are rotations of the phenyl rings that will only weakly hinder a timeaveraged threefold symmetry.
The purpose of this report is twofold. First, we adapt the well-described valence-bond/charge-transfer formalism developed for push-pull organic molecules 22, 44, 46, 48 to bipyridyl-based transition metal complexes. It has indeed been shown that metallo-organic synthesis offers a lot of flexibility in designing octupolar molecules in D 2d and D 3 geometries. 31, 49, 50 However, theoretical studies of these systems are still scarce and limited to numerical calculations. 50, 51 In the last paragraph of this report, we include geometrical distortions in the model and perform calculations on molecules 1 and 2 to demonstrate that, even at zero excitation frequency, weak geometrical deformations can explain AOP and HRS experimental data. Our aim is to pinpoint which vibrational or rotational degrees of freedom are prone to disrupt octupolar symmetries and should therefore be avoided when targeting a strictly octupolar chromophore. We chose to focus here on second-order nonlinear effects because octupolar molecules were primarily designed for this application. However, this formalism can be readily extended to third-or higher-order NLO processes.
II. VALENCE-BOND/CHARGE-TRANSFER STATE DESCRIPTION OF MULTIPOLAR MOLECULES
In the context of this article, Cartesian tensor coordinates cannot be soundly implemented because they depend on the choice of the molecular ͑x , y , z͒ framework which is itself assigned by the symmetry group to which the chromophore belongs. It is thus necessary, for the study of symmetry breakdown, to introduce the spherical decomposition of the molecular hyperpolarizability ͑␤͒ in dipolar ͑J =1͒ and octupolar ͑J =3͒ components as ␤ = ␤ J=1 ␤ J=3 . The mathematical background of this decomposition is extensively developed in Ref. 18 . In polarized HRS and AOP experiments, the molecular anisotropy = ʈ␤ J=3 ʈ / ʈ␤ J=1 ʈ can be estimated and provides direct insight on the molecular symmetry 29 with
For instance, equals, respectively, ͱ 2/3 and +ϱ for unidimensional and octupolar molecules and is furthermore independent of the working molecular framework. The effect of a framework rotation R ⍀ ͑with ⍀ standing for the set of Euler angles that define the rotation͒ on the spherical coordinates of ␤ is indeed nonlinear anisotropies of molecules 1-3 are given in Table I alongside their dispersion-corrected hyperpolarizabilities. As explained before, only molecule 3 exhibits a high anisotropy while molecules 1 and 2 feature a mix of dipolar and octupolar quadratic nonlinearities. In a given ͑x , y , z͒ framework, the Cartesian coordinates ͑and subsequently the spherical coordinates͒ of the molecular hyperpolarizability are evaluated using a basis of valencebond ͑VB͒ and charge-transfer ͑CT͒ states. This model is derived from a two-state formalism introduced by Lu et al. to describe the NLO properties of push-pull unidimensional molecules. 48 Linear chromophores can indeed be symbolized by their ground states and one excited state when interacting with monochromatic light close to the internal chargetransfer resonance wavelength. 53 In the VB-CT model, these two states are expressed as linear combinations of the neutral ͑VB͒ and zwitterionic ͑CT͒ states of the molecule which are given in Fig. 2͑a͒ for the electro-optic chromophore disperse red one ͑DR1͒. The VB-CT formalism was later generalized to account for the extension of the -conjugated backbone 54 and to describe the NLO properties of one-dimensional quadrupoles, 22 two-dimensional octupoles, 44 three-dimensional ͑3D͒ tetrahedral octupoles 46 and any multipolar chromophore exhibiting n equivalent charge-transfer directions. 46 The case of the 2D octupole is represented in Fig. 2͑b͒ .
t is the transfer integral between the VB and CT wave functions, while T stands for the transfer integral between different CT wave functions. If E VB and E CT are the respective energies of the VB and CT states, the Hamiltonian describing a 2D D 3h octupole is given by 44 
H D
3h = E VB − t − t − t − t E CT − T − T − t − T E CT − T − t − T − T E CT .
͑2͒
The diagonalization of this Hamiltonian was carried out by
Cho et al., 44 and the main results are recalled in Appendix A, albeit in a different framework to ensure coherence with Sec. IV A where geometrical distortions are included.
III. VB-n"2CT… MODEL FOR METAL-BASED CHROMOPHORES FEATURING BIDENTATE LIGANDS
The metallo-organic molecule 2 features bidentate pushpull ligands where the charge transfers between the electron donating amino groups and electron withdrawing Zn͑II͒ core are linked by pairs. Zn͑II͒ complexes do not exhibit metalligand charge transfers ͑MLCT͒ due to the high third ionization potential of zinc, and thus only intraligand charge transfers ͑ILCT͒ must be accounted for. 49 These molecules can The Hamiltonian describing the model systems presented in Figs. 3͑a͒ and 3͑b͒ for a given n number of bipyridyl ligands is a ͑2n +1͒ ϫ ͑2n +1͒ matrix expressed as
͑3͒
In this Hamiltonian the interaction between the CT states is block diagonal and each two-state block corresponds to the inner-ligand interaction between the ͉CT 2j−1 ͘ and ͉CT 2j ͘ wave functions ͑1 ഛ j ഛ n͒. For simplicity, an energy origin at E VB and a coefficient are introduced,
The parameter scales with the relative weight of the VB and CT states in the final eigenstates of the molecule and consequently with the charge exhibited by the electron donating and withdrawing chemical groups. Using Eq. ͑4͒, the eigenvalues of H 2n are given by
The system thus exhibits one ground state, n − 1 degenerate excited states of energy ͱ 2nt cot͑͒, n degenerate states at 2T + ͱ 2nt cot͑͒, and one excited state of highest energy.
With T = 0, the 2n − 
The basis of n − 1 eigen-wave-functions ͉e 1 ͘ to ͉e n−1 ͘ is not orthogonal. The Schmidt orthonormalization procedure can be implemented but in our case, only for n = 3 is orthonormalization necessary. We will thus do it specifically for the D 3 complexes. On the other hand, the ͉e n+j−1 ͘ eigenvectors ͑1 ഛ j ഛ n͒ form an orthonormalized basis. The case of a one-ligand complex corresponds to a planar C 2v molecule featuring two interacting charge transfers. In this case the general description of Ref. 46 for n = 2 corresponds to the model described in the previous paragraph for n = 1. The final energy diagram of this three-state description actually corresponds to an earlier model described in Ref. 55 for unspecified C 2v molecules. The permanent and transition dipoles of chromophores featuring two or three bidentate ligands are calculated from Eq. ͑6͒ in the following paragraphs.
A. Five-state model for the two-ligand complex
A five-state model was proposed and implemented in Ref. 46 to study tetrahedral molecules with four equivalent charge-transfer states. In the case of bidentate ligands, the angle between the -conjugated arms is / 3 which breaks 
͑7͒
The eigenenergies and states are given by Eq. ͑6͒ with n =2. The energy diagram of the model molecule is given in Fig. 4 along with a 3D representation of the D 2d complex. The chosen framework corresponds to z parallel to the S 4 axis and x and y parallel to C 2 axis in a direct tetrahedron. and are given in Appendix B. These irreducible representations show that the VB-n ͑2CT͒ model respects the molecular symmetry group even without interligand coupling. In particular, taking only states ͉g͘, ͉e 1 ͘, and ͉e 4 ͘ into account corresponds to a projection of the molecule on the z axis, in which case the system becomes a D ϱh linear quadrupole amenable to a three-level model. 22 States ͉e 2 ͘ and ͉e 3 ͘ are responsible for the nonzero molecular hyperpolarizability. The permanent and transition dipoles given in Appendix 7 show that these excited states are localized on the two ligands independently which arises from neglecting interligand coupling. Since ͉e 2 ͘ and ͉e 3 ͘ form a basis of E states, neglecting interligand interactions is allowed by group theory; all the more as in orthogonal ligands, dipole-dipole interactions between charge-transfer groups are extremely low. The molecular hyperpolarizability of the model molecule is then expressed using Orr and Ward's perturbation model. 56 When Kleinman symmetry conditions are valid, only one Cartesian component of ␤ should be considered, and therefore, at zero frequency,
B. Seven-state model for the three ligand-complex
A specific feature of D 3 complexes exhibiting three bidentate ligands is chirality. Indeed these molecules can form left-and right-handed helices, with Ruthenium͑II͒ tris͑bi-pyridyl͒ being a well-known example of such structures. In the case of molecule 2, however, the metal core ion exhibits ten d electrons and the ligand-metal bonds are thus not strongly stabilizing. These complexes are therefore fluxional, switching from right-to left-handed helices in solution. The two eniantomers are moreover studied in racemic mixes. Linear and nonlinear circular dichroism and optical rotation can thus be neglected. 57 Chiral molecules have also been demonstrated to exhibit strong pseudovectorial ␤ components close to optical resonance. 58 However, with these calculations being performed at zero frequency, Kleinman symmetry is verified and these components are neglected. Only one enantiomer-the right-handed helix-will thus be studied in the following. For both molecular conformations, the model VB-3͑2CT͒ Hamiltonian is identical,
͑9͒
The eigenvectors and eigenvalues are obtained from Eq. ͑6͒ with n = 3. However, the ͉e 1 ͘ and ͉e 2 ͘ eigenstates obtained are not orthogonal. After Schmidt orthonormalization, the obtained vectors are ͉e 1 ͘ = ͉͑CT 6 ͘ + ͉CT 5 ͘ − ͉CT 4 ͘ − ͉CT 3 ͒͘ / 2 and For a right-handed helix, the permanent dipoles of the different zwitterionic forms are Fig. 5͑e͒ with the Mulliken symbols of the D 3 group corresponding to the different eigenenergies. This diagram exhibits an E + A 2 degeneracy that is forbidden by the D 3 symmetry. It arises from neglecting interligand interactions, an assumption that is therefore not perfectly compatible with a D 3 group. Perturbing the system with a T 2 interaction component would lift that degeneracy. However, room-temperature absorption spectra of the different considered molecules show that these dipole interactions are lower than vibrational eigenenergies since no splitting of the ILCT peak is observed. 49 Further complicating this model is thus unnecessary, since to estimate the zerofrequency nonlinear behavior of these complexes, we are interested in the strength and orientation of the permanent and transition dipoles and not in slight variations of electronic eigenenergies.
The lack of interligand interaction is visible in the eigenstates ͉e 3 ͘, ͉e 4 ͘, and ͉e 5 ͘ which are each located on a single ligand and do not reflect E or A 2 symmetry. In order to circumvent the E + A 2 degeneracy, we chose another basis for the three degenerate states as follows:
.
͑11͒
With these eigenstates, the transition and permanent dipoles of the model molecule are given in Appendix B for the righthanded helix. In that case, states ͉e 3 ͘ and ͉e 4 ͘ are located in the ͑x , y͒ plane reflecting the E symmetry while ͉e 5 ͘ exhibits a nonzero transition dipole from the ground state directed along z and a zero permanent dipole, corresponding to A 2 symmetry. It is worth noting that, outside of optical resonance, states ͉e 5 ͘ and ͉e 6 ͘ do not influence the molecular hyperpolarizability. Therefore, outside of resonance, the molecule is not influenced by its components along z and can be safely reduced to its projection on the ͑x , y͒ plane. The chirality of the molecule arises from the two sets of E eigenstates. Indeed for a left-handed helix, states ͉e 1 ͘ and ͉e 2 ͘ remain the same but ͉e 3 ͘ and ͉e 4 ͘ are modified. A five-state model with one A 1 state and two sets of E states should be the simplest way of depicting a planar chiral helix.
At zero excitation frequency, D 3 molecules exhibit the same nonzero Cartesian ␤ components as D 3h molecules with 
IV. INFLUENCE OF MOLECULAR DISTORTIONS ON THE QUADRATIC NONLINEAR ANISOTROPY
In this section we are interested in the evolution of the molecular quadratic nonlinear anisotropy ratio = ʈ␤ J=3 ʈ / ʈ␤ J=1 ʈ when distorting the molecular geometry of molecules 1 and 2 that were recently experimentally investigated. When breaking the threefold symmetry of these octupolar molecules, is going to evolve from infinite to finite values. Our aim is to estimate the level of molecular distortions that are needed to match experimentally measured values of . As before, we will limit these calculations to zerofrequency excitation when Kleinman symmetry is valid. This is certainly an approximation; however, nonresonant HLS measurements performed on molecule 1 have shown that optical resonance cannot be held responsible for the very low anisotropy values and that other processes must be considered.
Another major approximation inherent to these calculations is that VB-nCT and VB-n͑2CT͒ models are still valid after geometrical deformations of the molecules. Whereas group theory necessitates that all ligand interactions be equal when the perfect molecular geometry is observed, symmetry breakdown should lead to different t and T energy values for the different charge-transfer states. It is therefore necessary that the considered distortions stay weak.
The estimated molecular anisotropy depends on three energy parameters: t, T, and ͑t , T͒ which indicates the level of participation of the charge-transfer states in the fundamental eigenstates of the different molecules. The dipole moment only influences the amplitude of the hyperpolarizability ␤ and not its anisotropy. Estimating these energy parameters using spectroscopy or chemical simulation data is thus necessary for reasonable evaluations of .
A. Planar D 3h molecules
The maximum absorption peak of molecule 1 sits at 475 nm in polymethyl-methacrylate films. This corresponds to an energy difference between the fundamental A 1 Ј and degenerate EЈ states of 2.6 eV. The excited A 1 Ј would only appear in a two-photon absorption spectrum. Numerical calculations performed on several planar D 3h molecules have estimated energy differences of the order of 0.1 eV between excited A 1 Ј and EЈ states. 45 Considering T = 0 eV has been discussed for VB-nCT models in several occasions and shown to be a reasonable approximation. 22, 46 Equation ͑A2͒ thus leads to t = 0.3 eV and = 0.4 rad. When looking at the molecular structure of 1, two types of molecular distortions are likely to occur. The first one corresponds to different conformations of the two insaturated chemical bonds on each arm. Indeed, without even introducing cis states, several geometries of trans states that break the third order symmetry along z can be obtained and should be accessible at room temperature. We therefore introduce two angles and that define the relative position of two molecular arms compared to a third arm fixed parallel to the x axis as shown in Fig. 6 . The second considered distortion is a loss of planarity of the molecule. Indeed with low -electron conjugation between the arms, it is unlikely that the molecule stays planar at room temperature. This deformation is introduced in the angle ⑀ between the 2 arm and the ͑x , y͒ plane ͑see Fig. 6͒ . In this case the permanent dipoles of the molecular zwitterionic forms are 1 = ͑1,0,0͒, 2 = ͑−cos͑ − ͒cos͑⑀͒ , sin͑ − ͒cos͑⑀͒ , sin͑⑀͒͒, and 3 = ͑−cos͑ − ͒ , −sin͑ − ͒ ,0͒.
By introducing these values of i in the expressions of the transition and permanent dipoles of the model molecule ͓Eq. ͑A3͔͒, it is possible to evaluate the Cartesian components of ␤ in the working framework using Orr and Ward's perturbation expressions. 56 However, these Cartesian components do not have much physical value but lead to the expressions for the ␤ J=1 and ␤ J=3 spherical components and that are independent of the chosen framework. This basis exchange is performed using expressions of Refs. 29 and 59 in the case of Kleinman symmetry, which is valid for our zero-frequency calculations. Figure 7 presents the evolution of with and when the molecule is supposed to remain planar ͑⑀ =0°͒. As expected, the anisotropy diverges when = = 120°and then decreases rapidly with minima reached for the most deformed structures ͑ = = / 2 and = =5 /6͒. With = 120°and = 110°͑so that does not diverge͒, we present the evolution of the molecular anisotropy with regard to ⑀ in Fig. 8͑a͒ . Once again molecular distortions leads to an anisotropy decrease. For a reasonably weak value of ⑀ ͑20°͒, we 
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Properties of octupolar molecules J. Chem. Phys. 126, 034312 ͑2007͒ plotted once again the evolution of with and in Fig.  8͑b͒ . In that case logically reaches its maximum value for = = 120°but does not diverge. Figures 7 and 8 show that there are numerous possible values of and for any given ⑀ where reaches the experimental value of 2.5. 32 The higher ⑀, the closer to 120°s hould and be to reach it.
Each arm of molecule 1 possesses four configurations that respect sp 2 and sp 3 geometries because of the several insaturated bonds. The carbon and nitrogen double bonds can be parallel or not, and each arm has two possible orientations in regard to the benzene core. Therefore molecule 1 has 3 4 = 81 possible "all trans" geometries that have similar ground state energies of which only four exhibit true D 3h symmetry. In Fig. 9 we present some relevant trans conformations of molecule 1 and the corresponding values of for ⑀ = 0°and 20°. The obtained values in the ͓3.5,10͔ range for are still significantly larger than the 2.5 measured value.
However when taking into account the vibrational distortions that are allowed at room temperature in a solvent, lower values of are expected with and deviating more strongly from a perfect octupolar geometry. Quantitative estimations of the molecular anisotropy are not realistic due to the strong approximations employed in this model but the measured value of Ref. 32 is in qualitative agreement with our calculations. It is nevertheless clear that the many allowed conformations of the molecule due to photoisomerizable carbon and nitrogen double bonds are responsible for the lower than expected measured anisotropy.
B. Propeller-shaped D 3 complex
As in the case of molecule 1, only linear absorption measurements are available for molecule 2 with an absorption peak at 496 nm ͑in polycarbonate͒ accounting for the first five excited levels. However, recent numerical calculations of one-and two-photon absorptions were performed on an equivalent of molecule 2 with shorter -conjugated ligands. 51 Taking into account the peak absorption frequency shift between these two complexes, it is thus possible to estimate reasonable values of t, T, and which are required for our calculations on 2. In essence, the results of Ref. 51 show that the energy difference between levels ͉e 1 ͘ and ͉e 3 ͘ is of the order of 0.05 and 0.3 eV between ͉e 1 ͘ and ͉e 6 ͘. Furthermore, the frequency shift between levels ͉e 3 ͘ and ͉e 5 ͘ is of the order of 5 nm which means that the assumption in our model that these levels are degenerate is reasonable. These values give the following estimations: t = 0.4 eV, T = 0.025 eV, and = 0.75. Figure 10 presents the different angular distortions permitted in the three-ligand complex 2. It also presents the framework in which these distortions are going to be studied in the following paragraph. This framework was favored over the one given by the D 3 group since the expressions of the dipole moments of the zwitterionic forms were awkward and the molecular anisotropy is independent of the chosen framework. In the new working framework, the i vectors are given by 
Numerous degrees of freedom are allowed in this molecular geometry compared to the organic D 3h case studied previously. The insaturated nitrogen and carbon bonds, that are responsible for the low measured anisotropy in molecule 1, will influence the i angles of the bipyridyl ligands. As shown in Fig. 11 , the different conformations of the double bonds account for a 20°distortion of each arm from the 60°a ngle dictated by sp 2 hybridization ͓Fig. 11͑a͔͒. Supposing that the ground state energies of these different geometries are similar, molecule 2 exhibits 6 4 = 1296 equivalent conformations, out of which 16 are perfectly octupolar and 84 are nearly octupolar ͓the i angles are nearly equal but the conjugated arms of the different ligands are not identical as in Fig. 11͑b͔͒ .
We analyze the evolution of with the 1 and 2 angles for a fixed 3 = 60°in Fig. 12 . Note that 1 and 2 vary between 30°and 90°to obtain a variation scale equivalent to Fig. 9 for molecule 1. Comparing Figs. 9 and 12 shows that overall the molecular anisotropy of molecule 2 stays larger than that of molecule 1 when taking into account the angles between conjugated arms. Indeed, for the most deformed geometry of molecule 2 ͑two angles equal to 80°and one at 40°͒, the anisotropy does not drop under 6.8 and most conformations have anisotropies larger than 10. A crude geometrical explanation of this result lies in the position of the conjugated arms with respect to the C 3 axis of both molecules. In molecule 1, the insaturated bonds are in the plane perpendicular to that axis while in molecule 2, they are in the ligand planes with a 35°angle with respect to the threefold axis. Projected in the plane perpendicular to that axis, similar distortions of the conjugated arms in molecule 2 will reduce less the molecular anisotropy than in molecule 1. This demonstrates that photoisomerizable groups will not greatly impair the value of in conjugated octupoles as long as they lie in planes parallel to the molecular C 3 axis.
The explanation of the lower experimental anisotropy of molecule 2 compared to molecule 1 must therefore come from other geometrical distortions. As shown in Fig. 10 , the ligands can deviate from a planar geometry with the torsion angles i . Furthermore, the relative position of the three ligands is given by the angles ͑⑀ i , i ͒. Unsurprisingly, our calculations show that the torsion angles i exhibit a small influence on the molecular quadratic anisotropy. Indeed, deformed bipyridyl ligands are going to increase the disorder of the molecule but will only weakly breakdown the threefold symmetry. However, a small modification of the ͑⑀ i , i ͒ angles has a strong influence on as shown in Fig. 13 .
Even with unperturbed conformations of the bidentate ligands ͑ i = 60°, i = 60°͒, the molecular anisotropy drops to values in the ͓1.5,2.5͔ range for ͑⑀ i , i ͒ angles around ͓−15°, −10°͔ and/or ͓10°,15°͔. This range of values is robust when modifying the i and i angles. The measured anisotropy value of 1.9 ͑Ref. 47͒ can thus be understood by small variations of the relative positions of the bipyridyl ligands. These distortions are not unreasonable in a zinc ͑II͒ complex since, with its full 3D electron layer, Zn͑II͒ can be found in a variety of geometries and the D 3 symmetry is not strongly stabilizing. A direct consequence of this weak metal-ligand coordination is ligand lability and loss of chirality in Zn͑II͒ trisbipyridyl complexes. Molecule 2 thus exhibits a superior 3D arrangement of its photoisomerizable insaturated arms than its organic counterpart 1 to feature a high octupolar behavior. However weak inorganic complexation leads to a lower experimental nonlinear anisotropy. Using d 6 metal core ions for which D 3 symmetry is highly stabilizing such as ruthenium ͑II͒ ͑which features a stable chiral behavior͒ ͑Refs. 33 and 57͒ should theoretically lead to higher values, probably larger than molecule 1.
V. SUMMARY AND CONCLUSION
Octupolar and, more generally, multipolar molecules are strong candidates for the development of organic based solutions in nonlinear optics for electro-optic materials or biological labeling and imaging. The availability of simple analytical models to describe the optical behavior of these chromophores is necessary to build up efficient molecular engineering strategies. After summarizing the valence-bondcharge-transfer formalism that has been extensively discussed in the literature, 22, 44, 46, 48 we adapt it to transition metal-based complexes built around bidentate ligands ͑in Sec. III͒. This generalization, which takes into account the difference between intra-and interligand interactions, provides an analytical description of two octupolar symmetries, D 2d and D 3 , that had been overlooked in analytical calculations. The permanent and transition dipoles are expressed as well as the zero excitation frequency hyperpolarizabilities using a limited number of variables that can be tabulated from one-and two-photon absorption experiments or numerical calculations. Furthermore, an analytical model describing bipyridyl-based D 3 complexes should provide new insight in the study of chiral helices.
In Sec. IV, we investigate how geometrical distortions in molecules 1 and 2 influence their quadratic nonlinear anisotropy ͑which diverges for true octupolar symmetries͒ using the previously described VB-CT model. The calculations are performed in irreducible spherical coordinates independent of the molecular framework. We demonstrate that long -conjugated arms, which have been deemed so far a preferred synthesis strategy in order to optimize molecular nonlinearities and to provide photoisomerization properties, can greatly hinder the octupolar aspect of D 3h and D 3 molecules. Indeed, for "all trans" conformations of molecules 1 and 2 that are not perfectly octupolar, we estimate anisotropy values in the ͓5,10͔ range for molecule 1 ͓see Fig. 6͑b͔͒ and ͓7,40͔ range for molecule 2, even though these calculations are performed at zero excitation frequency. These estimations show that the design of octupoles should focus in placing insaturated bonds in planes parallel to the C 3 axis.
Finally, the measured anisotropy value of molecule 2 ͑Ref. 47͒ lower than molecule 1 ͑Ref. 32͒ is expected to originate from low metal-ligand interactions that allow distortions of the relative positions of the bidentate ligands in the D 3 complex. Using metal core ions featuring partially empty d electron layers should enable stiffer molecular geometries and therefore a better engineering of in metalbased coordination complexes for nonlinear optics.
APPENDIX A: FOUR-STATE MODEL OF A PLANAR D 3h OCTUPOLE
The eigenvalues and eigenvectors of H D 3h ͓expression ͑2͔͒ correspond to the energies and wave functions of the ground and the three excited states of the molecule according to the energies and wave functions of the VB-CT basis and the parameters t and T. For simplicity, a new parameter is introduced and the VB state defines the energy origin with 44 E VB + E CT − 2T = 0, ͑A1͒
The eigenvectors and eigenvalues of H D 3h are then given by 44 E g = − ͱ 3 t sin͑͒ ,
The transition and permanent dipoles of the molecule are then inferred from the eigenvectors given in Eq. ͑A2͒ using the operator : Mg , e i = ͗g͉ ͉e i ͘. The valence-bond state does not exhibit a permanent dipole while all charge-transfer states possess the same permanent dipole and are noted i . The D 3h symmetry implies that 1 + 2 + 3 = 0. As explained in the literature, 44, 60 the transition dipoles between the neutral and zwitterionic states can be neglected compared to . With this approximation, the permanent and transition dipole moments are expressed as 61 the chosen VB-CT basis, and the obtained ground and excited states. These eigenstates are given with their corresponding Mulliken symbols for the irreducible representations of the D 3h group which are deduced from Eq. ͑A3͒. Figure 14͑d͒ attests that this model is in agreement with the D 3h group. The symmetry selection rules that arise from the irreducible representations of the eigenstates imply that only states ͉e 1 ͘ and ͉e 2 ͘ will influence the one-photon absorption and quadratic NLO response of the molecule, while ͉e 3 ͘ can be reached via two-photon absorption processes. 44 , 45 The linear and quadratic behaviors of octupolar molecules can thus be described using a three-level model with two degenerate states as had been initially proposed in Ref. 21 . This analysis is only reasonable around the resonance wavelength of the charge transfer between electron donating and withdrawing groups where the number of considered excited states can be dramatically reduced.
APPENDIX B: PERMANENT AND TRANSITION DIPOLES OF THE D 2d AND D 3 COMPLEXES
In this appendix, we provide the permanent and transition dipoles of the eigenstates of the D 2d and D 3 complexes after diagonalization of the Hamiltonians, Eqs. ͑7͒ and ͑9͒. In the case of the two-ligand complex, the dipole moments are given by 
